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A few years ago, Furchgott and Zawadzki (1980) showed that the presence of the endothelium was an essential condition for obtaining relaxation of rabbit thoracic aorta strips in response to acetyl choline. Since then, many studies have confirmed the essential role of the endothelium in vasodilata tions induced by various agents and in a variety of preparations [see Furchgott (1983) for review].
In contrast to this burgeoning literature on dilator agents, very few reports (e.g., Cocks and Angus, 1983; Egleme et al., 1984) have appeared on con strictor agents and the influence of the endothelium, and none deal with cerebral vessels. It seemed im portant to us to determine whether vasoconstrictor responses in the cerebral circulation could be influ enced by the vascular endothelium since naturally occurring agents such as norepinephrine (NE) and serotonin are known to be released during (patho)physiological phenomena such as vaso spasm (du Boulay et aI., 1983; Cook, 1984) , stress, etc. Their action could be modified by the presence of any kind of lesion or alteration of the endothelial lining such as is present in atherosclerosis. In this article, we report the influence of removing the en dothelium on the response of rabbit and cat pial arteries to NE.
MATERIALS AND METHODS

Fauve de Bourgogne rabbits or European-type cats
were anesthetized and decapitated. The brain was rapidly removed and placed in a dish containing a physiological solution of the following composition (mM): NaCI 119, KCI 5, CaCl1 0.75, MgCl, 1.2, NaH,P04 1, NaHCO, 1, N-2-hydroxy e thyl piperazi n e-N-2-eth a nesulfonic acid 25;
with pH adjusted to 7.4 at 20°C. This solution was pre ferred to a bicarbonate-buffered Krebs solution for the preparation since the pH was more constant (not depen dent on CO, saturation). The main branches of the middle cerebral ar t eries (MCAs) were ligated over a length of � 10 mm in the rabbit and 15 mm in the cat, starting at the circle of Willis. The endothelium of one of each pair of arteries was removed by rubbing the intimal surface with a stainless-steel tube of appropriate diameter in serted completely through the lumen. The arteries were then cannulated with a short stainless-steel tube, re moved from the brain, and placed in a 50-mt organ bath at 37°C where they were connected to a perfusion circuit.
Both the perfusing and the incubating solutions contained the following (mM): NaCI 126, KCI 5, NaH2P04 1.2, MgCI2 1.3, NaHC01 18, CaCl2 2.5, glucose 5.5; and were gassed with 4% CO2, 76% N2, 20% 02; the pH being 7.3-7.4, the Pc02 26-30 mm Hg, and the P02 140-155 mm Hg. The artery segments were perfused at constant flow.
The operating rate was 0.3-0.45 mllmin for rabbit arteries and 1-1.3 mllmin for cat arteries. Corresponding baseline pressures were as follows (mm Hg, mean ± SD): rabbit vessels 15.1 ± 9.6 (control) and 13.0 ± 6.0 (rubbed); cat vessels 6.2 ± 3.3 (control) and 5.1 ± 2.7 (rubbed). These flow rates and the corresponding pressures were kept low to avoid any accidental removal of endothelium in control arteries. Te sts were begun after a 90-min equilibration period. Constriction and dilatation were measured as pressure variations by means of transducers placed just upstream from the arteries. Previous reports on isolated rabbit and cat cerebral arteries have shown such perfu sion methods to be reliable and sensitive methods of phar macological investigation (Oudart et al., 1981; Medgett and Langer, 1983) .
Between the pump and the pressure transducers, each circuit was divided into two branches in parallel, the per fusion solution being directed through one or the other branch by means of a pair of valves. The solution in either branch could be changed without perturbing the perfusion through the other to test the intraluminal effects of an agonist. Extraluminal effects were tested by injection into the bath of a small amount of a concentrated solution.
Histological verification of the presence or absence of the endothelium was systematically performed by silver staining according to the method of Caplan et al. (1974) .
In a separate series of experiments, eight rabbit MCAs (five control, three rubbed) were prepared and perfused under the same conditions, strongly constricted by in creasing concentrations of extraluminal UTP or hista mine, allowed to relax, and then rapidly fixed in 5% glu taraldehyde/4% paraformaldehyde. After embedding in araldite, ultrathin sections were cut and stained with uranyl acetate and lead citrate for examination by trans mission electron microscopy.
Stock solutions of drugs were made up in di�tilled water shortly before their use. They were saturated with nitrogen, protected from light, and kept on ice to mini mize oxidation. Results were analyzed using paired or unpaired t tests, and are expressed below as means ± SE.
RESULTS
Rabbit arteries
The tests on rabbit MeA were all paired; i.e., a control artery was tested in the same bath as a rubbed artery. In these vessels, a cumulative series of concentrations of extraluminal NE gave rise to increasing pressure increases (constrictions). These began at � 10-5 M for control arteries and rose to a mean of 9.2 mm Hg at 10-3 M (Fig. 1, top) , rep resenting a mean maximum pressure increase of �60%. In the case of the rubbed arteries, tested simultaneously, the mean responses were more than double for equivalent concentrations (representing a 160% increase in pressure at 10-3 M), although there was considerable variability. At concentra tions of 10-8_10-6 M, small responses of the rubbed arteries (0. 3-3.4 mm Hg) were seen in eight 10-' 10-' 10-7 10-8 10-' 10-' 10-3 10-' cases; only two control arteries responded at these concentrations. Because of the high variability, two methods were used to assess the significance of the differences observed: a paired t test on the pressure increases, and a t test on the ratios of the pressure increases [null hypothesis: �p (control)/�p (rubbed) = 1]. Significant differences (p < 0.05) were found at concentrations of 10 -5, 10 -4, 3 x 10-4, and 10-3 M (see the legend to Fig. I for de tails). The Emax and the EC50 values for NE in these rabbit arteries were determined assuming the Emax to be attained by 10-3 M (in two cases, it was fo und to occur at a lower concentration). The mean Emax of control arteries was thus I 1.8 ± 3.4 mm Hg (n = IS) and that for rubbed arteries 24. I ± S.9 mm Hg (n = IS) (p < 0.02; paired t test). The geometric mean EC50 (with 9S% confidence limits) of control arteries was 2.8 x 10-4 M (I.6-S.0 x 10-4) and that for rubbed arteries I.S x 10-4 M (0.6-3.9 x 10-4) (p < O.OS; paired t test). These results indicate that rubbing the endothelium of the rabbit MCA augmented the constrictor response to NE. That the responses observed were due to a-adrenergic re ceptor activation was suggested by the clear-cut an tagonism induced by phentolamine at 10-6 or 10-5 M. For example, the response to 10-3 M NE was inhibited by 10-6 M phentolamine by 23.1% (13.9 and 32.3%; n = 2) in control arteries and by 28.S ± 12.0% (n = 3) in rubbed arteries, whereas 10-5 M phentolamine inhibited the same response by 68.S ± 6.2% (n = 4) and 72.3 ± 8.S% (n = 4), respectively. Bearing in mind that all these concen trations are reduced at the smooth muscle because of the concentration gradient across the artery wall, these results are compatible with those of Duckles and Bevan (1976) in their characterization of adren ergic receptors in the rabbit basilar artery.
Dilatation experiments
Since routine silver staining did not give good re sults in these rabbit MCAs (see below), a series of experiments was performed under identical condi tions to test the dilatory effects of acetylcholine in control and rubbed arteries. After the usual equili bration period, pairs of rabbit arteries were precon stricted with UTP (10-5 or 3 x 10-5 M) adminis tered intra-and extraluminally (mean pressure in crease SO. 9 ± 9.3 mm Hg for control, 38.9 ± 6.7 mm Hg for rubbed arteries; difference not signifi cant). Increasing concentrations of acetylcholine were then administered intraluminally, resulting in a marked dilatation of the control arteries, signifi cantly greater than the weak dilatation of the rubbed arteries (see Fig. I, bottom) . Dilatation to 10-4 M papaverine was 98.6 ± 2.2% in the case of control arteries and 87.S ± 6.S% for rubbed arteries (difference not significant). All arterial tissue thus far tested seems to be endothelium dependent in its relaxation to acetylcholine (Furchgott, 1983; Van houUe and Rimele, 1983) , including cat cerebral ar teries (Lee, 1982) , so that this result suggests that there was significant endothelial removal in the 1985 rubbed arteries compared with the control arteries. The persistence of a weak dilatation in the rubbed arteries may indicate the presence of a small re sidual amount of endothelium, especially in unli gated collateral arteries.
Cat arteries
Experiments on cat MCA were performed using both extra-and intraluminal administration of NE. Essentially similar results were obtained as de picted in Fig. 2 , with significant differences be tween rubbed and control arteries at the higher con centrations (t test on means; see the legend to Fig.  2) . Mean Emax values in control arteries (n = 6) were 3. I ± 1.0 and 1.9 ± 0.6 mm Hg for extralu minal and intraluminal administration, respectively, whereas the corresponding Emax values in rubbed arteries (n = 6) were 13.S ± 3.2 (p < 0.02) and 9.6 ± 1.6 (p < 0.001) mm Hg. Although the ECso values in rubbed arteries (7.7 x 10 -7 M) showed a 1.6fo ld increase in sensitivity compared with control arteries (12.4 x 10-7 M) for intraluminal adminis tration, this difference was not significant. In the case of extraluminal administration, the ECso values were very similar (8.7 and 9.8 x 10-7 M, respec tively).
Anatomical verifications
The silver staining performed on the cat arteries at the end of the experiment showed unequivocally that 80-100% of the endothelium had been removed in the rubbed arteries, whereas it was largely intact in the control arteries (==== 70% present).
In contrast, the distinction between control and rubbed rabbit MCA was often slight on the basis of the silver staining, because (a) these vessels showed poor staining, probably owing to the extremely shallow interstitial spaces in the endothelium (un published data from scanning electron microscopy observations), and (b) the adventitia is heavily pig mented in this species, masking to a large extent the fa int outlining of the endothelial cells. For fur ther verification of the state of the endothelium in such experiments, we performed transmission elec tron microscopy on both control and rubbed rabbit MCAs. Figure 3 shows examples of electron micro graphs of the wall of a control (top) and a rubbed (bottom) artery. The endothelium in the control vessel (Fig. 3, top) has a normal appearance, with few vesicles, and is fi rmly based on the internal elastic lamina. Occasionally, areas with damaged, detached, or missing endothelium were observed, but these cases represented a small fraction of the sections studied. In the rubbed vessel (Fig. 3,  bottom) , the endothelium is typically absent, but the underlying layer of the elastic lamina is appar- ently intact and the underlying smooth muscle is quite unaltered. No section with complete rupture of the internal elastic lamina was ever observed.
DISCUSSION
Status of the artery
The present observations show that after me chanical treatment to remove the endothelium in rabbit and cat MCAs, these vessels displayed stronger contractions to any given concentration of NE. We shall first consider the likelihood of mod ifications other than endothelium removal being re sponsible for the observations.
Damage to the adrenergic nerve plexus in the ad ventitia of these arteries might be expected to affect the local uptake of NE and hence increase the ef fective concentration of this agent at the smooth muscle receptors. However, this appears to be a very unlikely explanation since, first, the rubbing procedure is performed while the artery is still at tached to the pia mater and thus requires absolutely no external manipulation of the vessel, and second, the neuronal uptake blocking agent cocaine has been shown by Duckles and Bevan (1976) to have no influence whatsoever on the response of the rabbit basilar artery to NE, and we have confirmed this finding in rabbit MCA (P. Aubineau and R. Sercombe, unpublished observations). The risk of damage to the vascular smooth muscle by the rub bing procedure seems a more likely source of in terference. The anatomical evidence presented above, however, demonstrates that scarcely any damage to the internal elastic lamina occurs, and none to the smooth muscle (Fig. 3) . This is con firmed by the unchanged constrictor response to UTP and the unchanged dilator response to papav erine. Furthermore, the measurements on the ace tylcholine-induced dilatation in rabbit MCA, asso ciated with the electron microscopy, and, in cat MCA, the silver staining of the endothelium, all concord in indicating a significant difference be tween the amount of endothelium in control and rubbed arteries, without significant damage to the smooth muscle. The most likely explanation of the present results is therefore that the constriction of these cerebral arteries by NE was modified by re moval of the endothelial cells.
Possible mechanisms of endothelial inhibition of NE constriction
In view of the presence of monoamine oxidase in the vascular endothelial cells and the physical bar rier they present to NE diffusion, it might be argued that removal of this layer could increase the effec tive concentration of intraluminally applied NE at the smooth muscle. However, it would follow that there should be relatively little change in the effects of extraluminally applied N E caused by endothe lium removal. Although there is some indication that the potentiation of the NE constriction may be slightly greater for intraluminal administration at concentrations of up to 10-7 M (compare Fig. 2,  top and bottom) , it is quite clear that at all other concentrations, where the modification is greatest, The endothelium (E), including a prominent nucleus, is clearly intact in the control vessel. On the contrary, in the rubbed vessel, the internal elastic lamina (e) is exposed but not ruptured, and the smooth muscle layer (M) is undamaged. L, lumen. Calibration bar: 1 j.Lm.
the potentiation is essentially the same. An impor tant role of the endothelial monoamine oxidase in limiting the NE-induced constriction in this prepa ration thus seems a most unlikely hypothesis.
J Cereb Blood Flow Metabol, Vol. 5, No. 2, 1985 The present data seem to be more in favor of an explanation analogous to that proposed by Furch gott (1983) to explain the endothelium dependence of the dilatation in response to acetylcholine; i.e., a relaxing factor is released from the endothelium by activation of specific receptors. Evidence was put forward by Cocks and Angus (1983) in favor of such a mechanism involving stimulation of endo thelial <X2-adrenergic receptors by NE in dog and pig coronary arteries, but this hypothesis has not yet been confirmed in other vessels. Work is at present in progress in our laboratory to test this hypothesis. Alternatively, the NE may stimulate the release of a relaxing factor by activating l3-adren ergic endothelial receptors. However, evidence de rived from a large variety of vascular preparations seems to exclude any dependence of l3-adrenergic dilatation on the endothelium (Vanhoutte and Ri mele, 1983) . A further possibility is that viable en dothelial cells could constantly release a specific fa ctor acting on the adrenergic receptor-mediated mechanism of constriction.
The present finding may be of considerable im portance in understanding pathophysiological phe nomena involving alterations to endothelial func tion, whether by mechanical lesion or chemically, such as in atherosclerosis, hypercholesterolemia, subarachnoid hemorrhage, etc. Evidence of in creased reactivity to NE was provided by Betz and Wiegel (1982) in a preparation of rabbit carotid ar tery with artificially induced atheromatous plaques. Recently, Heistad et al. (1984) reported increased reactivity to NE and serotonin in the hindlimb ves sels of monkeys with hypercholesterolemia or ath erosclerosis. Although endothelial function may not be the only factor concerned by such findings, it seems likely that, in addition to its barrier role, the endothelial layer may play an active role in modu lating cerebrovascular reactivity.
